ABSTRACT: Biochemical, lectin histochemical, and densitometrical methods demonstrated contents and spectra of free sugars in the skin of aquatic vertebrates (fishes: cod, marine trout, freshwater trout, perch; amphibians: Koa-Tao-Island caecilian, smooth newt, edible frog, South-African clawed toad; mammals: northern fur seal, common seal, otter, Capybara). Total free sugar contents, particularly sialic acids, were relatively higher in freshwater species (perch, Capybara) than in marine species. In amphibians, the caecilian and the newt showed higher amounts of free sugars than the anurans; strong reactions indicated a specific involvement of α-L-fucose in mucus functions. Lectin histochemistry demonstrated positive reactions in the stratum superficiale, the outer stratum spinosum, and specific cells of the fish epidermis. The integumental free sugar spectrum of the amphibians was narrow, with generally lower reaction intensities, except for mucus glands. In the mammals, the epidermal cells exhibited rather weak lectin histochemical staining, except for the northern fur seal and the Capybara, where the upper vital epidermis and corneal cells reacted strongly. The mammalian apocrine skin glands, particularly, exhibited positive reaction staining in their secretory endpiece. The free sugar spectrum was similar in all species: α-D-mannose, β-D-N-acetylglucosamine, α-D-N-acetylgalactosamine, α-D-galactose, β-D-galactose, α-L-fucose, sialic acids (mainly in fish epidermis and skin glands). High concentrations of free sugars on the skin surface possibly impede attacks of commensal skin micro-inhabitants (bacteria, fungi) against the integrity of the epidermis. This features a basic or general biological mechanism that operates before the specific immune system is activated.
Introduction
In marine or freshwater biotopes, the integument has to cope with a multitude of microorganisms. The commensal microbial skin-surface flora of aquatic, compared to terrestrial, vertebrates exhibits a similar basic genus and species spectrum (e.g. bacteria: Pseudomonas spp., Acinetobacter spp., Aerosoma spp., Micrococcus spp., Staphylococcus spp., Vibrio spp., or fungi: Saprolegnia spp., Trichophyton spp., Malazessia spp., Candida spp.), although this spectrum is continuously influenced by environmental changes (Kloos et al. 1976 , Horsley 1977 , Krogh & Christensen 1977 , Cahill 1990 , Willoughby 1994 , Kumamoto & Vukich 1998 , Meyer et al. 2001 [with review for terrestrial mammals], Tlaskalová-Hogenová et al. 2004) . In denselyhaired aquatic mammals, like most pinnipeds or otters, a certain mixture of skin-derived organic substances (corneocytes, glandular secretions, etc.) exists on the epidermal surface that may generally nourish the microorganisms present, considering that the dense hair coat supplies a safe cover against the outer medium and possible negative influences. This is in contrast to conditions in sparsely-haired species, like the Capybara, and may influence the intensity and necessity of antimicrobial skin defense. Additionally, several bacterial and fungal infections of the skin reported during the last decades, particularly for aquatic mammals, are often a concomitant feature of parasitic invasions or the result of variations in natural environmental factors caused by anthropogenic impacts (Chabreck et al. 1977 , Tanaka et al. 1994 , Guillot et al. 1998 , Schulman & Lipscomb 1999 , Wilson et al. 1999 , Van der Heijden et al. 2005) .
Thus, an effective defense strategy against the microbial challenge, and/or proliferation control of the microflora present, is a basic need of all invertebrate and vertebrate groups adapted to aquatic biotopes (for lower invertebrates see reviews in Meyer et al. 2006 , Klaus et al. 2007 ). In fishes and amphibians, first defense is normally performed by mucus produced by epidermal cells or secreted from dermal skin glands. This mucus generally contains antimicrobial substances, such as immunoglobin M (IgM), lactoferrin, trypsin, cationic peptides (β-defensins), or lysozyme (for fishes see Peleteiro & Richards 1988 , Braun et al. 1990 , Cole et al. 1997 , Wirth 1998 , Smith et al. 2000 , Hellio et al. 2002  for amphibians see Diamond 2001 , Lai et al. 2002 , Duda et al. 2002 , Rollins-Smith et al. 2002 . In mammals, such substances are secreted by the cells of the epidermis, the outer epithelial hair root sheath, the sebaceous glands and, particularly, the apocrine tubular skin glands (Meyer et al. 2003 , Meyer & Seegers 2004 , Meyer 2007 . Studies on pinniped skin have indicated, however, that mucus-analogous antimicrobial functions can be additionally exerted on the skin surface by free sugars that are derivatives of glycoconjugates found in the secretions of the apocrine skin glands. This has been demonstrated in a preliminary report for pinnipeds (Meyer et al. 2000) , and in more detail for terrestrial mammals, whereby in the latter case it has been shown that epidermal cells also supply substrates for free sugar liberation (Meyer et al. 2001) .
The present study focuses on free sugars and their possibly important role in the skin biology of different vertebrate species living more or less permanently in marine or freshwater biotopes. Thus, another means of basic and extracorporal skin defense is highlighted, independent of the special integumental subsystem or tertiary immune organ developed by vertebrates, whereby the keratinocytes, as well as other compartments of the integument, such as all parts of the hair follicle complex, may be major sources of innate immunity-related humoral compounds. Skin specimens were obtained from the dorsum, flank and abdomen of the sampled individuals. One part of the skin samples was fixed in 10% formalin containing 2% calcium acetate, and another part was fixed in Bouin's fluid. Both were maintained for 48 h at either 4°C or room temperature. The material was then dehydrated in a graded series of ethanol, and one part of both fixation sample groups was embedded via xylene in paraffin wax (Paraplast plus, Tyco Health Care); 8 µm paraffin sections were deparaffinized in Histoclear (Shandon) and hydrated through descending concentrations of ethanol. One lot of sections was stained with haematoxylin and eosin (HE) for general histology and another lot was processed according to the carbohydrate histochemical approach, including combined control procedures. In general, paraffin tissue processing as described above is thought to be appropriate for the analysis of lectin binding to tissue sections (Rittman & Mackenzie 1983 , Allison 1987 , Alroy et al. 1988 .
MATERIALS AND METHODS

Species
Lectin histochemistry. For the demonstration of terminal sugars, biotinylated lectins were applied in concentrations of 10 to 20 µg ml -1 in 0.1 M phosphatebuffered saline (PBS) (pH 7.2) for 30 min at 20°C or 2 h at 4°C. The lectins used were: concanavalin A (Con-A), wheat germ agglutinin (WGA), Griffonia simplicifolia agglutinin-I and -II (GSA-I and -II), Dolichos biflorus agglutinin (DBA), soy bean agglutinin (SBA), Bauhinia purpurea agglutinin (BPA), peanut agglutinin (PNA), Ulex europeaeus agglutinin-I (UEA-I), Limax flavus agglutinin (LFA) (all from E.Y. Labs./Medac and Sigma; for lectin specificity see Yamada & Shimizu 1977 , Pearse 1985 , Alroy et al. 1988 , Spicer & Schulte 1992 , Danguy et al. 1998 . The reactions were visualized by peroxidase (PO) conjugated streptavidin, using the 3, 3'diaminobenzidine (DAB)-based BioGenex Super Sensitive Universal Immunostaining Kit (BioGenex Laboratories). In this combination, the system is up to 25 × more sensitive than the traditional biotinstreptavidin methods, with better preservation of tissue reactivity and integrity.
Lectin controls were performed by: (1) addition of saccharides at a final concentration of 0.01 M to the respective lectin solutions (Table 1) ; (2) substitution of unconjugated lectins for lectin-conjugates; and (3) exposure of sections to PO and DAB systems without lectins. To detect endogenous peroxidase activity in tissue, certain control sections were reacted with DAB only. In addition, control sections were pre-incubated in 0.3% hydrogen peroxide in methanol for 30 min to block intrinsic peroxidase activity.
Densitometrical analysis. For microdensitometrical (cytophotometrical) evaluation of the lectin staining reactions, 3 sections from 4 different slides were used, and the extinction of the cytoplasm of cells of the stratum basale and the stratum granulosum was read with the maximum wavelength for DAB of 465 nm (Litwin 1979) . The measurements were performed using a computer-assisted Zeiss microscope photometer (SMP 03), with a grading monochromator and stabilized light source. The spot size was 1.58 µm and the luminous field step 3.1 µm in diameter at object level. A total of 40 to 60 cells for each lectin and epidermal layer were measured, and the results were obtained as mean values ± SE. The results for each lectin and epidermal cell type were evaluated for statistically significant differences between each using ANOVA in a split plot design combined with a t-test for paired data.
Biochemical mucus analysis. Carbohydrate biochemical quantitative analysis of fish and amphibian (Xenopus laevis) skin mucus was performed according to Anumula & Taylor (1991) and Dostálová et al. (1995) . The mucus was obtained from freshly dead animals by rinsing with 1 mM Ca(OH) 2 (Sawyer 1959 ). This method strongly stimulates secretion discharge of mucus-producing epidermal cells, particularly in fishes, and also of dermal mucus glands in amphibians; additionally, the mucus obtained is more soluble in this alkaline medium. This method ensures the mucus is pure, and avoids contamination from cellular material, such as epidermal cells, that occurs when mucus is obtained by scraping of the skin surface -the latter has been, unfortunately, a routine technique in studies of fish mucus for many years (see review in Wirth 1998). For a control of successful mucus extraction without tissue impairment in our methodological approach, HE-stained histological sections of the rinsed material were analyzed using light microscopy.
RESULTS
The biochemical and densitometrical measurements of free sugar contents, or the spectra of free sugars in the mucus produced by fish epidermal cells, amphibian dermal mucus glands (only Xenopus laevis was analysed), and mammalian epidermal cells, apocrine tubular glands and sebaceous glands, demonstrated for fishes and mammals that total free sugar contents were relatively higher in freshwater than in marine species. This was especially true of Perca fluviatilis and Hydrochoerus hydrochaeris, and was corroborated for these species by the densitometrical results of the epidermis, which emphasized the specific role of sialic acids (NeuNAc) in this connection (Figs. 1 & 2) . In amphibians, Ichthyophis kohtaoensis and Triturus vulgaris showed higher amounts of free sugars than the 169 
PO-LFA-DAB Limax flavus agglutinin NeuNAc= N-acetylneuraminic acid NeuNGc N-glycolylneuraminic acid anuran species. In the amphibians, however, both methodological approaches indicated a specific involvement of α-L-fucose (α-L-Fuc) in mucus functions (Xenopus laevis, Triturus vulgaris) (Figs. 3 & 4) . With the help of the glycoconjugate histochemical method, we were able to visualize a spectrum of free sugars corresponding to that obtained by the biochemical analysis, deriving from epidermal cells and different types of glands in the dermis of all the studied species (see Appendix Tables A1 to A4 . Available in AB Suppementary Material at www.int-res.com/ articles/suppl/b001p167_app.pdf). Distinctly positive reactions were obtained in cells of the stratum superficiale and of the outer stratum spinosum, but likewise in the goblet, granular, and sacciform cells of the epidermis of the marine and freshwater teleost species (Table A1 , Fig. 5a,b) . In contrast to the biochemical and densitometrical results, histochemical reaction staining in the freshwater fishes was not more intense when compared to the marine fishes. In the amphibians, the spectrum of free sugars demonstrable by lectin histochemistry in the epidermal cells was clearly not as broad as in the fishes, with generally lower reaction intensities, although it was completed to some extent by positive reaction staining in the dermal mucus and granular glands (Table A2 , Fig. 5c,d ). In the 4 mammals living in marine (Callorhinus ursinus, Phoca vitulina), or in freshwater (Lutra lutra, Hydrochoerus hydrochaeris) habitats, the epidermal cells exhibited mostly a weak lectin histochemical staining, with the exception of the densely-haired C. ursinus and H. hydrochaeris, where the outer vital epidermis and the corneal cells sometimes reacted more strongly. Especially in H. hydrochaeris, a rather large and sparsely haired rodent with a thick epidermis and only a few apocrine glands, the cells of the stratum granulosum Table 1 and the upper stratum spinosum reacted distinctly stronger than in the other mammals (Table A3 , Fig.  6b ). With regard to the mammalian skin glands, the apocrine tubular glands, particularly, showed clearly positive reaction staining in the secretory cells and the luminal secretion (Table A4 , Fig. 6a ). Based on the lectin reactions, the integumental free sugar spectrum in the different vertebrate species studied was composed as follows: (1) , and sialic acids (LFA). Generally, the aquatic vertebrate species exhibited rather broad spectra of free sugars in the integument; however, these spectra were somewhat variable in the epidermis of amphibians and mammals. In the latter 2 groups, the skin gland secretions obviously had the most important influence on integumental free sugar contents and spectra.
DISCUSSION
For pinnipeds and terrestrial mammals, the results of this study generally corroborate those of previous studies, which indicated a protective function of integumental free sugars from different origins (e.g. epidermal cells, dermal glands), and mainly from secretions of the apocrine glands (Meyer et al. 2000 (Meyer et al. , 2001 . The free sugar spectra had quite the same qualities independent of varying hair density, as demonstrable when the northern fur seal was compared to the common seal. Only Hydrochoerus hydrochaeris, with its very sparse hair coat, exhibited extraordinarily high amounts of epidermal sialic acids.
Our observations for marine and freshwater fish species are, however, somewhat different from the results Table 1 of earlier studies , Burkhardt-Holm 1997 , Sarasquete et al. 2001 , Jung et al. 2002 . In contrast to these studies, we did not find great variations in the free sugar spectrum of the epidermal stratum superficiale with the lectin histochemical and densitometrical evaluation methods. This could be due to differences in fixation type and quality, but may also reflect that fish mucus can change in appearance and composition among species and in response to salinity and disease status (Shephard 1994 , Roberts & Powell 2005 . The view that mucus qualities adapt to varying living conditions is supported by a comparison of our results of the integumental free sugar contents in extracts of pure epidermal mucus from marine and freshwater species. In the latter, sialic acid contents were remarkably higher. However, freshwater Salmo trutta trutta, longtime adapted to marine conditions, showed rather the same free sugar spectrum and free sugar contents of the mucus or the stratum superficiale of the epidermis, when compared to their original freshwater breeding line. Thus, the broad adaptability of salmonids to both biotopes is highlighted. The 4 amphibian species exhibited similar spectra of free terminal sugars on and in the skin layers, or in the glandular mucus (Xenopus laevis), as the freshwater fish species; including (besides sialic acid) α-L-fucose as another clearly prominent sugar moiety. Comparative biochemical or histochemical studies on the glycoconjugates of the amphibian integument by other authors are rare and mainly concentrate on skin mucus glands, whereby the sugar spectrum found using the lectin histochemical approach only generally corresponds to our results (Els & Henneby 1990 , Schumacher et al. 1994 .
All sugars deposited on the skin surface may have been liberated by bacteria and fungi via desintegration of complex glycoconjugates, found as ingredients of skin mucus or as major components of glandular secretions, but also of epidermal cell products, such as from the fucose-rich cells of the stratum corneum disjunctum in Callorhinus ursinus (Ryall 1980 , Chin & Watts 1992 , Noble 1993 , Meyer et al. 2000 , 2001 . Several of these free sugars (α-D-mannose, N-acetylglucosamine, β-D-galactose, α-L-fucose), are of specific interest because of their ability to inhibit the adherence/binding of different bacteria to epidermal/epithelial cells (Sharon et al. 1981, Izhar et 1982 , Romero-Steiner et al. 1990 , Daunter et al. 1992 , McGavin et al. 1993 , Morrow et al. 2005 ). In the same way, 3 of the sugars (N-acetylglucosamine, Nacetylgalactosamine, α-L-fucose) prevent the adherence of fungi to the mammalian epidermis (Sobel et al. 1981 , Critchley & Douglas 1987 , Ollert et al. 1993 ). The freshwater biotope, when compared to the marine milieu, appears to supply better survival, living, and proliferation conditions for microorganisms through relatively high water temperatures and high concentrations of organic material. This is of interest regarding the higher sialic acid accumulations (Perca fluviatilis mucus, Hydrochoerus hydrochaeris epidermis), and equally higher α-L-fucose amounts (Triturus vulgaris epidermis, Xenopus laevis mucus) on the skin surface of freshwater vertebrates compared to the marine forms, as demonstrated in this study. The abundance of sialic acids seems of importance in this context, considering that this free sugar type not only regulates mucus viscosity, but also influences and reduces the adherence of different bacterial species, such as Pseudomonas aeruginosa (Wolska et al. 2005 , Pastoriza Gallego & Hulen 2006 to the epidermal cells. Additionally, it controls encapsulation development of bacteria, whereby high amounts of negatively charged sialic acid residues increase anti-adhesive effects (Nelson et al. 2007) .
Bacterial adhesion to cells, for example, could be blocked by free sugars binding to lectins of the bacterial outer membrane, e.g. PAII-L (Préville et al. 2006) , and in this way protect many of the free sugar residues of the epithelial/epidermal cells from becoming targets for bacterial (or fungal) contact lectins. This idea is of interest considering that oligosaccharide-mediated recognition and adhesion are key points in the early steps of bacterial infection, whereby the carbohydratebinding proteins involved in host recognition and surface adhesion encompass soluble lectins, adhesins and flagellar proteins (Varrot et al. 2006) .
In summary, it appears that the high concentrations of free sugars on the skin surface to a considerable extent impede attacks of commensal skin micro-inhabitants (bacteria and fungi) against the integrity of the first important and protecting skin structure, the epidermis. This corroborates the hypothesis that glycans generally participate in innate protection against epithelial/mucosal or glandular pathogens (Morrow et al. 2005 , Perrier et al. 2006 , and features a basic biological mechanism with low energy requirements that operates before the specific immune system is activated (Meyer et al. 2000 (Meyer et al. , 2001 .
